A stochastic model for the emplacement of dikes and lava flows at a fast spreading ridge can generate an upper oceanic Ž . crustal structure similar to that observed in seismic data from the East Pacific Rise EPR , in ocean drill holes, and in ophiolites. In this model the location of successive dike intrusion events relative to the ridge axis is determined by a Gaussian probability function and the cumulative flow lengths of the erupted lavas are chosen to build a Gaussian-shaped lava pile. We interpret wide-angle seismic reflections from the steep velocity gradient at the base of seismic layer 2A to be the extrusiversheeted dike contact. Seismic data from the northern and southern EPR place constraints on the on-axis Ž . Ž extrusive layer thickness 230 " 50 m , the distance over which the thickening of the extrusive layer occurs width of the . Ž . Ž . accretion zone s 1-3 km and its off-axis thickness 300-800 m . Ophiolites and ocean drill holes DSDP Hole 504B provide additional estimates of the thickness of the extrusive layer and constrain the thickness of the transition region from Ž . extrusives to sheeted dikes ; 100-200 m . A simple stochastic emplacement model, where the lavas are described by one mean flow length, fits the thickening of the extrusive layer off-axis inferred from the deepening of seismic layer 2A, but the predicted transition from sheeted dikes to extrusives is too thick. In order to match the dimensions and flat-topped shape of the seismic layer 2A boundary as well as the thickness of the extrusive-sheeted dike transition, a bimodal distribution of Ž . lava flows is used. Short flows, confined within the axial summit caldera ASC , build up approximately half the extrusive volume. Occasional voluminous flows spill out of the ASC, or erupt outside of the ASC, and pond at a considerable distance off-axis to build up the remainder of the extrusive section. The upper part of the final extrusive section will be dominated by the off-axis flows, while the lower portions will be primarily composed of short flows erupted within the ASC. Magnetic Ž . transition widths predicted from the overlap of lavas ; 2 km in this model are similar to those measured in deep-tow studies. Assuming a smoothing function which acts over one seismic wavelength, the upper crustal velocity structure predicted by the bimodal lava emplacement model is consistent with the shallow seismic velocity structure measured on the EPR. The ages of seafloor lavas in this model are younger than the tectonic spreading model ages by ; 30-70 kyr, in agreement with anomalously young lava ages obtained from radioisotope dating of seafloor basalts near the EPR.
Introduction
The upper portion of the oceanic crust is formed by dike intrusion and the eruption of lava flows. These two magmatic processes generate an upper crustal structure composed of lavas piled on top of one another, underlain by a sheeted dike complex. Constraints on the processes of upper crustal conw x struction have come from ophiolite studies 1,2 , Ž w x. observations in active rifts e.g., Iceland 3 , modeling of marine magnetic anomaly shapes and transiw x w x w x tion thicknesses 4-8 , mapping 9-14 , dating 15 , Ž w x. and drilling e.g. DSDP Hole 504B 16 of young ocean crust. Ophiolite studies, on the basis of chilled w x margin statistics 1,17,18 and measurements of the w x thickness of the lavardike transition 1 predict narrow intrusion zone widths of 10-50 m. Modeling of marine magnetic anomaly transition widths suggests a lava emplacement zone 1-3 km wide. Geological mapping and dating of lava flows at the East Pacific Ž . Rise EPR suggest that volcanic activity is primarily Ž . confined within the narrow ; 50-200 m wide Ž . axial summit caldera ASC , but there is evidence for very young flows on the flanks of the axial high outside the ASC that suggest eruptive activity over a much wider zone or transport of lavas a considerable Ž w x. distance off-axis e.g. 19 . The relative importance of off-axis eruptive activity and the processes that control the thickness of the extrusive section are still poorly understood.
Advances in seismic imaging of the shallow velocity structure at the East Pacific Rise allow the thickness of what is commonly interpreted as the extrusive layer to be directly mapped. In this paper, we use the variation in this seismically determined extrusive thickness to provide new constraints on crustal emplacement processes. We show that the dike intrusion zone must be extremely localized about the ridge axis. The extrusive section is made up of two units of about equal thickness: a lower unit, composed of short flows confined within the axial summit caldera, and an upper unit, of flows which Ž . spill out of the axial summit caldera ASC , or are channelled across the shoulders of the rise axis in lava tubes and flow long distances down the flanks of the axial high, or erupt off-axis. We discuss the implications of this emplacement model on the seismic velocity structure of the shallow oceanic crust, subsidence rates, dip of isochrons in the extrusive section, magnetic anomaly transition widths, and the age of lavas exposed at the seafloor.
Observational constraints on upper oceanic crustal structure at the EPR
The typical seismic velocity structure of the shallow oceanic crust has been characterized from high Ž . w x quality expanding spread profiles ESP 20, 21 , tow x w x mographic images 22 , refraction data 23 , wide Ž . w x aperture profiles WAP 24,25 and on-bottom re-Ž . w x fraction work NOBEL 26 . These studies have identified a small velocity layer which is 100-200 m thick, has velocities F 2.6 kmrs and a low vertical velocity gradient. This surficial low velocity layer is underlain by a steep gradient zone where velocities ); 5 kmrs are reached in a few hundred meters. The crustal section with the surficial low velocity layer and the underlying steep velocity gradient is called layer 2A. The underlying crust, with velocities ); 5 kmrs and a very gradual velocity gradient, w x corresponds to layer 2B 27 . The base of the high gradient region is imaged in multichannel seismic Ž . reflection MCS experiments as a shallow wide angle reflection formed by refracted energy turning w x in the steep gradient 24,28,29 . No normal incidence reflection is seen, since there is no impedance contrast, rather the steep gradient generates diving rays which are observed at large offsets on the streamer. In Fig. 1b,d , the wide angle reflection from the base of layer 2A is outlined with a gray line for two seismic profiles shot across the rise crest of the Ž X southern EPR SEPR31 at 17814 S, and SEPR06 at X . 18828 S . To obtain the thickness of layer 2A the two-way travel times to the base of layer 2A are converted to depth using the composite velocity w x model of Harding et al. 28 .
The shallow velocity structure of the ocean crust is controlled by the composition and porosity of the Ž upper crust. We interpret layer 2A in young -1 . My oceanic crust to be the extrusive section and use measurements of its thickness to map the variability in the accumulation of extrusives. The surficial lowvelocity zone is attributed to a layer of high-porosity Ž w x. pillows and flows e.g. 30,31 , with porosities posw x sibly greater than 20% 32-34 . The higher-velocity
Ž . Ž X . Ž X . Fig. 1 . a and c Across-axis multichannel seismic sections from the southern East Pacific Rise, SEPR31 17814 S and SEPR06 18828 S w x 40 . The data were stacked using a velocity-depth function that varied laterally and then finite difference migrated to account for the Ž . Ž . Ž . seafloor and layer 2A topography. The axial magma chamber AMC and the base of layer 2A are indicated on the figures. b and d Line drawings showing picks of the seafloor and layer 2A reflections in black and dark gray lines, respectively. The light gray constant thickness band corresponds to the on-axis thickness of layer 2A. This emphasizes that the on-axis thickness is built up very rapidly, while the off-axis accretion of layer 2A occurs over a few kilometers. Both profiles show similar on-axis and off-axis layer 2A thicknesses, ; 250 m and 500-550 m, respectively. The two profiles represent end-members of the width of the region over which the accretion of layer 2A takes place: on SEPR31 it is narrow while on SEPR06 it is broad and the widths of the 2A accretion zone are 1.2 km and 3 km, respectively. Note that the layer 2Ar2B boundary has a flat-topped, concave shape beneath the rise axis. 26 . If the velocities in the extrusives and dikes are assumed to be constant and the steep velocity gradient at the base of layer 2A is due to the interfingering of these two units, then the thickness of the high velocity gradient zone corresponds to the thickness of the transition zone from extrusives to sheeted dikes. In seismic data from the northern EPR this high velocity gradient zone has a w x thickness of ; 100-300 m 20,26 .
These seismically derived constraints on extrusive layer thickness and thickness of the extrusive-dike transition can be compared with geological observations on sections of oceanic crust exposed in Hess Ž Deep, in ophiolites, and drilled in Hole 504B Fig. 1a ,c were chosen because they characterize the variability in the width and shape of thickening of layer 2A.
Ž . Although both of these profiles Fig. 1b,d have Ž . similar on-axis 250 m and off-axis layer 2A thick-Ž . nesses 550 m , they differ in the width of the zone over which the thickening takes place; SEPR31 is Ž . narrow width of the 2A accretion zone is 1.2 km Ž while SEPR06 thickens over a wide zone width of . the 2A accretion zone is 3 km . Both thickening Ž profiles are flat-topped i.e., the minimum on-axis thickness is maintained for some distance before the . layer starts to thicken . 
Emplacement models

Unimodal laÕa emplacement model
We use a stochastic model to construct the sheeted Ž dike and extrusive sections of the oceanic crust c.f. w x. 4,5 . At an active spreading center, steady state is only achieved statistically, since the accretion process is a series of discrete, successive events. Fig. 2 shows a schematic example of four steps in the emplacement process. Dikes are injected into the crust at a location determined randomly from a probability function. Each dike is associated with a lava flow. Lava flows out on either side of the locus of intrusion to a distance determined randomly from a second probability function. Earlier flows are covered by later flows. The lava pile subsides as it is covered so that a flat seafloor is maintained. The variables used in the emplacement models are defined in Table 3 . The dikes are assumed to have a thickness, w s 1 m. This is consistent with dike w x widths of 0.5-1.5 m observed at Hess Deep 43 and a mean of ; 1 m for the dike width distribution w x measured in the Troodos ophiolite, Cyprus 1 . The source region of the dikes lies below the base of our model. The probability function of the location of dike intrusion relative to the ridge axis that we use is a Gaussian, with a standard deviation of intrusion, s . Of the dikes, 95% are intruded within a distance oretical Institute, June, 1995 . This results in additional extension during lava emplacement or, alternatively, represents a change in the effective ratio of the thickness of the dikes to that of the lava flows. We incorporate this effect by introducing the variable ps0, which represents the probability that a dike will actually erupt to form a lava flow on the seafloor. Any extension of the crust due to tectonics is considered negligible in this model. At fast spreading ridges faulting accounts for only 3-10% of the total w x spreading rate 49,50 . To match a full spreading rate Ž . of 150 mmryr southern EPR a 1 m thick dike must be intruded on average every 7 years, assuming that all the extension is accommodated by construction of the sheeted dike section. At a full spreading rate of Ž . 110 mmryr northern EPR a diking event occurs on average every 9 years. Note, however, that diking events are likely to be clustered in time at any particular location with intervening quiescent periods. indicated as a measure of the variability in the profiles, which reflects the thickness of the transition zone from 20% to 70% sheeted dikes.
( )The crustal structure generated by our model generates a highly variable contact between the extrusives and sheeted dikes and predicts that isochrons within the extrusive section dip towards the ridge Ž . axis Fig. 3a . Fig. 3a shows the result of over 10,000 intrusion and emplacement events to form an upper crustal section 10 km wide. To match seismic profile SEPR31, the model was run using s s 300 i m, and s s 500 m, with 40% of the dikes erupting.
e On average, as they are rafted away from the axis, the tips of the earlier flows are not covered by subsequent flows, resulting in isochrons within the upper crustal section which dip towards the ridge axis. The contact between sheeted dikes and extrusives in this model is extremely variable. To simulate a seismic observation of the extrusive-sheeted dike contact that is generated by this model, we have smoothed the contact using a triangular filter with a Ž . width of one seismic wavelength Table 2 . If the model is run with the same s e Ž . but s s 10 m Fig. 3c ,d , the transition zone from i extrusives to sheeted dikes is 50 m, which is comparable to ophiolite and oceanic scarp observations. However, now the shape of the layer 2A boundary is pointed rather than flat-topped with a very small Ž . on-axis thickness 70 m , which does not resemble the seismic profile. When the extrusive-dike transition thickness is included as a constraint, there is no longer a solution of the unimodal lava emplacement model which satisfies the four seismic and geological observables.
SensitiÕity of the model
We examine the effect of changing the characteristic dimensions of dike intrusion and lava emplacement on the four observables that we can measure: the on-axis extrusiÕe layer thickness, the off-axis extrusiÕe layer thickness, the width of 2A accretion and the transition thickness from 20% to 70% sheeted dikes. The unimodal lava emplacement model is Ž . characterized by five parameters Table 3 : the standard deviation of dike intrusion, s , the standard i deviation of the extrusive pile, s , the probability e that a dike will erupt a lava flow, ps0, the thickness of the lava flows, t, and the width of the dikes, w. Fig. 4 shows the effect of varying the two parameters, s and s , on the shape of the 2Ar2B boundary The off-axis thickness of the lava pile can be determined from mass conservation and is independent of s . The off-axis extrusive thickness is:
The off-axis extrusive thickness depends on the mean lava flow length, scales linearly with the flow thickness and with the percentage of dikes that erupt, and scales inversely with dike width. Fig. 5a shows from 100 to 400 m. The on-axis extrusive thickness depends on the ratio of the two standard deviations and scales in the same way as the off-axis extrusive thickness:
The on-axis extrusive thickness is contoured as a function of s and s in Fig. 5b . As the intrusive i e width and the flow length tend to zero, the on-axis thickness goes to zero. For an infinitely wide intrusion zone, the extrusive thickness on axis is equal to that off axis. The thickness of the transition zone from extrusives to sheeted dikes is shown in Fig. 5c and has a similar dependence on s ,s , t, ps0 and w i e as the on-axis extrusive thickness. Note that, for the Ž definition that we have chosen 20-70% sheeted . dikes , the transition width is always greater than or equal to the on-axis extrusive thickness. The width of the 2A accretion zone is a less stable measurement and much more sensitive to the statistical variability in the model. As can be seen from Fig. 4 , the width of the 2A accretion zone is positively related to s but also varies with s . The width of the 2A
accretion zone is independent of t, but depends on ps0 and w. This stochastic emplacement model with a unimodal distribution of flows matches the variation in layer 2A thickness observed seismically at the EPR Ž . Fig. 3 and provides some intuitive insight into the processes that control extrusive thickness at fast spreading ridges. For example, this model shows that the distance off-axis at which layer 2A reaches its final thickness is primarily affected by the distance flows extend off-axis. For a unimodal distribution of Ž flows, the shape of the layer 2Ar2B boundary flat-. topped rather than triangular requires a zone of intrusion on the order of a few hundred meters. However, this unimodal lava emplacement model cannot explain both the broad, flat-topped shape of the layer 2Ar2B boundary and at the same time the sharpness of the extrusive-dike transition measured in outcrop and drill holes. The wider intrusion zone required to match the seismic observations will result in a broad transition zone, due to the variability in location of dike intrusion. Indeed, for this unimodal lava emplacement model the transition thickness is greater than or equal to the on-axis layer 2A thick-Ž . ness, which at the EPR is about 250 m Fig. 5 . The transition thickness predicted for the model shown in Fig. 3 , which fits the observed layer 2A thickness, is over 300 m. This is larger than transition thicknesses However, this will result in a very small on-axis 2A thickness and a boundary which is peaked Ž . rather than flat-topped Fig. 3c,d , contrary to what is observed in the seismic data.
Bimodal laÕa emplacement model
We propose a stochastic emplacement model with a bimodal distribution of flows in order to match both the dimensions and shape of the seismic boundary and the geologically observed extrusive-dike transition thickness. The idea underlying the bimodal lava emplacement model is to rapidly build up the on-axis thickness of extrusives by accumulating a sequence of short flows erupted at the ridge crest Ž . standard deviation of emplacement, s . The more A model to build the extrusive section of the ocean crust that combines an initially narrow and subsequently wide zone of accretion was suggested The on-axis, off-axis thicknesses and the widths of the 2A accretion zone match well. The transition zone thickness for these models is 90 m and 70 m, respectively, compatible with measurements made on ophiolites and oceanic crustal scarps. Note that these fits are not unique, but provide a characterization of the differences and types of length scales required to fit the observables available to constrain crustal accretion.
Ž . by Atwater 52 to reconcile: a the observation of a wide emplacement zone suggested by the presence of intact volcanoes on the surface of the off-axis Ž . seafloor in the FAMOUS area; and b ophiolite observations of a very localized transition from extrusives to sheeted dikes. Our attempt to constrain the accretion process using the geometry and dimensions of the seismic layer 2A boundary and, at the same time, match the transition thickness observed in ophiolites has also led us to require a bimodal lava emplacement model for the fast spreading EPR. Our ability to image seismically layer 2A thickness variations enables us to constrain the relative volumes contributed by these two modes of extrusion and the length scales involved.
In the bimodal lava emplacement model, the narrow intrusion zone and short flows generate the on-axis extrusive pile and result in a narrow transition zone from extrusives to sheeted dikes. The off-axis flows thicken the crust to the final thickness over the distance of a few kilometers. However, the shape of the extrusive-sheeted dike boundary obtained remains pointed rather than flat-topped. To obtain a flat-topped 2Ar2B boundary, as is observed Ž . in the across-axis seismic lines Fig. 1 , zero eruptive volume from the long flows must be accumulated over the flat region. A distribution of long flows that have zero thickness until some distance, minl, from Ž . the axis Fig. 2c gives an inflection point in the cumulative lava volume. This simulates eruptions that flow over the shoulders of the ASC, leaving a negligible thickness of lava until they pond in deeper areas off-axis. Alternatively, this represents flows that are channelled, perhaps in subseafloor lava tubes, from the axis across the rift shoulders to an eruption w x site off-axis 14 , or voluminous flows that are Ž erupted off-axis from a small number of dikes Table 3 . To keep the number of variables to a minimum, we have kept s the same for both the i Ž . long and the short lava flows s s 10 m and we i fixed ps0 s 1 and w s 1 m. As in the unimodal lava emplacement model, the effect of decreasing the thickness of the lava flows or decreasing the amount of dikes that erupt a lava flow is to decrease the thickness of the extrusive pile and of the transition zone. Decreasing the amount of dikes that erupt a lava flow also broadens the width of the 2A accretion zone. Fig. 7 shows two examples of the bimodal lava emplacement model that match the two across-axis seismic lines which represent extremes of the distance over which the off-axis thickness is attained, Ž . SEPR06 broad 2A accretion zone and SEPR31 Ž . narrow 2A accretion zone , shown in Fig. 1 . Solutions to both the unimodal and the bimodal lava emplacement models are non-unique, but the crustal accretion models that we present provide a characterization of the differences and types of length scales required to match the available observations. To fit Ž . layer 2A thicknesses for line SEPR06 Fig. 7a files well, both in terms of its shape, variability, and extrusive thickness values. In addition, the transition thicknesses calculated from the bimodal lava emplacement model are comparable to those measured in ophiolites and oceanic crustal sections. The differences in the width of the zone of 2A accretion for the two models is consistent with the observed variation in across-axis topography for the two seismic Ž . profiles Fig. 1a,c . SEPR06 has a broad axial high and thus off-axis lava flows do not pond till further from the ridge axis, resulting in a broader zone of thickening. On the other hand, SEPR31 shows a subdued narrow axial high and thus long lava flows rapidly reach relatively flat seafloor and pond closer to the rise axis, causing earlier thickening of the lava pile and a narrow 2A accretion zone.
Implications of the model
In this section we explore the implications of the stochastic emplacement model for measured seismic velocities in the upper crust, magnetic anomaly transition widths, and seafloor lava ages. From the model we determined the velocity structure of the upper crust, the dip of isochrons with depth, the age of seafloor lavas relative to the underlying crust, and magnetic transition widths. The thickness of the shallow, steep velocity gradient reflects the thickness of the transition region from extrusives to sheeted dikes and the inherent resolution of the seismic technique used. The length of the lava flows and their subsidence rates affect the dip of isochrons in the extrusive section, the width of the transition region observed in magnetic anomalies, as well as the age of lavas on the seafloor.
Velocity-depth profiles of the upper crust
In order to see if the emplacement model that we propose is consistent with the shallow velocity structure observed at the EPR, we have calculated a synthetic velocity structure based on the distribution of extrusives and dikes predicted from the emplacement model. The shallow velocity structure of the crust is primarily determined by bulk porosity. Fractured porous lavas have a higher porosity than massive sheeted dikes so the relative abundance of lavas and dikes in a vertical section will have a major effect on the velocity structure. We assume that the velocities in the extrusive and sheeted dike sections are constant and equal to 2.2 kmrs and 5.5 kmrs, respectively. The constant low velocity extrusive section results in a surficial low velocity zone. The underlying high gradient region is due to the mixed zone where dikes and extrusives interfinger. This is an approximation which does not take into account the probable variation of velocity with depth within the extrusive pile that results as this layer gets buried and porosity, decreases due to the closing of cracks and voids. Differences due to any morphological or chemical differences between the on-axis and the Ž . off-axis flows i.e. the upper and lower extrusives are also ignored.
The first area where we compare the measured with the predicted seismic velocity structure is 9835 X N Ž . Fig. 8 . A a Velocity structure for a bimodal lava emplacement model run that fits the layer 2A thicknesses measured on the wide aperture The same procedure was applied to a second area at 9830 X N on the EPR, where the upper crustal velocity structure is constrained by a high-resolution w x on-bottom refraction experiment 36 . The geometry of layer 2A is determined from MCS line CDP31 w x 28 . The on-bottom refraction experiment used a source with a dominant frequency of 60 Hz. A model was constructed to matched the line CDP31 and was Ž . filtered at a wavelength of 67 m Fig. 8Ba . Again, depth sections through the resulting velocity model show a high velocity gradient very similar in thickness, shape, and slope to those measured in the on-bottom refraction experiment on crust 0, 10 and Ž . 20 kyr Fig. 8Bb-d .
The fact that the boundary between the sheeted dikes and extrusives is not seismically sharp is consistent with the multichannel data. The base of layer 2A is not imaged as a normal incidence reflection in the multichannel seismic data but, rather, is a diving ray which turns in a steep velocity gradient and is observed at larger offsets on the streamer as a wideangle 'reflection'rrefraction. These observations support the idea that the boundary between the extrusives and sheeted dikes is not sharp on the scale of a Ž . quarter-wavelength ; 50 m . However, on the scale of a full wavelength a coherent steep velocity gradient is sensed, causing the rays to turn back to the surface and resulting in a wide-angle reflection. Therefore, in this case, one seismic wavelength is an estimate of the distance required for energy to refract in a steep velocity gradient and produce a turning ray.
The thickness of the seismic high velocity gradient predicted from the bimodal lava emplacement model depends on the thickness of the transition zone from extrusives to sheeted dikes and on the dominant wavelength of the experiment that is measuring the velocity structure. For a model with a wide transition region, as would be obtained for the unimodal lava emplacement model, a shorter seismic wavelength will give a sharp boundary but, laterally, it will be highly variable. A long seismic wavelength will average out the variability and give a thicker high velocity gradient than has been seismically observed. For a narrow transition region, the long wavelength energy will simply see a somewhat broader transition region than the shorter wavelength. Under the simple assumptions that we make here the velocity structure predicted from the bimodal lava emplacement model is consistent with the shallow crustal velocity structure measured at the EPR. At the same time, the higher resolution on-bottom refraction experiment resolved a thinner on-axis Ž thickness of layer 2A than the MCS experiment Fig. . 8Be and Ad, respectively , consistent with the bimodal lava emplacement model.
Isochron dips and magnetic anomaly transition widths
Lavas erupted on the seafloor are rapidly buried by subsequent flows and subside. In the unimodal lava emplacement model subsidence rates are 20 mmryr, assuming full spreading rates of 150 mmryr for the southern EPR. For the bimodal lava emplace-( )ment model, the rates of subsidence are initially very high, ; 200 mmryr for the first 1.5 kyr, and then drop to 40-10 mmryr during the following 8-27 kyr. The dips of isochrons are sensitive to the length of the lava flows and the amount of subsidence that occurs. In the unimodal lava emplacement model, dips are relatively steep throughout the extrusive section and vary from ; 08, near the surface, to Ž . ;308 at depth Fig. 3 . For the bimodal lava em-Ž placement models that we propose in this paper Fig. . 7a,c , the upper lavas, composed of the long flows, have very shallow dips, 08 to ; 10-158. At the boundary between the two lava types dips are 08. In the lower extrusive section flow lengths are short and subsidence rates are high and the dips are extremely steep, 50-708. In Iceland, lava flow dips are zero near the surface and increase with depth reaching 68 1500 m below the original top of the lava pile w x 43 . Considering the differences in extrusive thickness between Iceland and the EPR, these observations cannot differentiate between both modes of lava emplacement. The two models are distinguishable because, in the bimodal lava emplacement model, the dips are reduced to zero at the boundary between the upper and lower lavas. H. Schouten and Ž E.E.E. Hooft Two-layered structure of the pillow lavas in oceanic crust and ophiolites, manuscript in . prep., 1996 find evidence of a bimodal dip structure in the paleomagnetic inclinations of several DSDPrODP drill cores, suggesting that a bimodal emplacement of the upper oceanic crust also occurs at intermediate and slow spreading centers.
Work on the transition width of marine magnetic anomalies from deep-tow measurements on the Gorda w x Rise 4 suggest that the portion of the transition width due to constructional processes is 1.7 km. Near-bottom magnetic profiles from ridges in the Pacific covering intermediate to fast spreading rates give an average half-width of crustal formation of w x 2-3 km 8 . Measurements made by Macdonald et w x al., 7 on the EPR 218N give transition widths of 1-1.4 km. For our bimodal lava emplacement model the dips of the isochrons vary with depth in the extrusive section. We have calculated the magnetic anomaly from the geometry of the bimodal lava emplacement model and compared it with the anomaly that would be obtained assuming the simple geometries of earlier models. The transition widths obtained, ; 2-3 km, are similar to those observed. However, as mentioned before, these magnetic anomaly reversal data cannot resolve the relative contributions of the width of the intrusion zone and lava flow distribution to the lava emplacement process.
Age of seafloor laÕas w x
Goldstein et al. 15 dated seafloor lavas on a transect across the EPR at 9831 X N and showed that these lavas were at least 20-70 kyr younger than the predicted age of the crust based on spreading rate Ž . Fig. 9 . They suggested that off-axis eruptions are probably the cause of these anomalously young ages, implying the existence of a comparatively broad Ž . several kilometers half-width zone of intrusion. However, if a significant proportion of the dikes are intruded over a wide zone, the extrusive-dike transition becomes much broader than is consistent with Ž . geological observations Table 2 .
In the emplacement model that we propose, the Ž intrusion zone is very narrow on the order of a few . tens of meters but the upper part of the extrusive section forms by flows that have been transported a Ž . long distance up to several kilometers off-axis from their point of eruption. These flows will have ages that are younger than the predicted age of the crust based on the spreading rate. From runs of the bimodal lava emplacement model that match the range of the seismically observed variation in layer 2A w x thickness in the 98N area on the EPR 24,28 , we predict seafloor ages will average about ; 30-70 Ž . kyr younger than the crustal spreading age Fig. 9 . This is in agreement with the anomalously young w x Ž . lavas dated by Goldstein et al. 15 Fig. 9 , however, the predicted ages are in general younger than those observed. The discrepancy between the model and the dating can be explained if a significant amount of the off-axis thickening occurs below the surface, by the intrusion of sills. Another possibility is that, if the time from melt segregation in the mantle to eruption on the surface is substantial, then the time since eruption is significantly overestimated by the w x uranium-series disequilibrium dating 15 .
Due to the narrowness of the extrusive-dike transition and its minimal effect on the seismic layer 2A thickening profile, we infer that the number of dikes feeding any off-axis eruptions is minimal. The source region and crustal residence time of any off-axis eruptions may well be different from the on-axis eruptions, and so even small volumes of lavas erupted off-axis can explain the diverse compositions meaw x sured in off-axis sampling of seafloor basalts 10 . It is important to bear in mind that rare, and volumetrically insignificant, lavas erupting outside of the zone of lava emplacement will form a thin cover on the seafloor and have a high probability of being sampled. Thus, while it is possible that some lavas erupt off-axis, extensive off-axis eruptions are not necessarily required to explain the anomalously young age of seafloor lavas observed near the EPR.
The existence of a narrow dike intrusion zone is consistent with the observation that most hydrothermal activity along the northern and southern EPR is w x located within the ASC 9,14 . Hydrothermal activity is driven by a heat source, on short time scales by a dike, over long times by an underlying magma body. The predominance of hydrothermal activity within the ASC supports the assertion that the majority of dikes are intruded very close to the ridge axis. Lava flows in the bimodal lava emplacement model extend up to a few kilometers off-axis and are also consistent with the observation that sediment cover in the 9830 X N EPR area is anomalously low up to 3-4 km from the ridge axis, beyond which the w x sediment thickness increases dramatically 15 . The off-axis seafloor is covered by the lavas that have flooded out of the ASC. The ASC is filled by the more common events -short flows. This could explain the observation that most off-axis seafloor is covered by lobate lava flows, while the morphology within the ASC is more varied, consisting of pillows and sheet flows with extensive collapse features ( )w x 9,53 . Extensive collapse within the ASC also supports the high subsidence rates predicted by the bimodal lava emplacement model near the rise crest.
Conclusions
A stochastic model of the emplacement of dikes and lava flows generates an upper oceanic crustal structure similar to that observed in ophiolites, in ocean drill holes and in seismic data from the East Pacific Rise. An emplacement model with a narrow Ž intrusion zone 95% of the dikes are intruded within . a zone 40 m wide, centered on the ridge axis and a bimodal emplacement of lavas can explain the variation in thickness of layer 2A observed seismically at the EPR and the sharpness of the extrusive-dike transition region observed in outcrop in ophiolites and on the seafloor. A thin, on-axis extrusive section is rapidly built up by accumulating a sequence of short flows erupted, and probably confined, within the ASC. The progressive thickening of the extrusive layer inferred from the deepening of the seismic 2Ar2B boundary over 1-3 km from the ridge axis is caused by longer flows that spill out of the ASC and down the flanks of the axial high or erupt off-axis Ž . Fig. 6 . In the resulting lava pile the upper part of the extrusive section is composed of flows deposited off the rise crest while the lower portion is flows deposited on-axis. This stochastic model for the construction of the upper crustal section is consistent Ž with the velocity structure of the upper crust producing a near-surface low velocity layer underlain by . a steep velocity gradient , paleomagnetic inclinations Ž . in drill cores a bimodal dip structure , magnetic Ž . transition widths ; 2 km , and age offsets of Ž seafloor lavas relative to the underlying crust ; 30-. 70 kyr . Extensive off-axis eruptions are not necessarily required to explain these age discrepancies. The similarity in seismic structure between the Ž northern and southern EPR full spreading rates of . 110 and 150 mmryr, respectively indicate that the bimodal lava emplacement model is applicable to fast spreading ridges over a range of spreading rates.
